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ABSTRACT Domain orientation and dynamics
can play an essential role in the function of multido-
main proteins. Lys48-linked polyubiquitin chains,
the principal signal for proteasomal protein degra-
dation, adopt a closed conformation at physiologi-
cal conditions, in which the functionally important
residues Leu8, Ile44, and Val70 are sequestered at
the interdomain interface. This interface must open
in order for these groups to become available for
interactions with various chain-recognition factors.
Knowledge of the mechanism of domain motion
leading to the opening of the interdomain interface
in polyubiqutin is, therefore, essential for the under-
standing of the processes controlling molecular rec-
ognition events in polyubiquitin signaling. Here we
use NMR to characterize the interdomain dynamics
that open the interface in a di-ubiquitin chain. This
process occurs via domain reorientations on a 10-ns
time scale and with the amplitudes that are suffi-
cient for making functionally important hydropho-
bic residues in polyubiquitin available for direct
interactions with various ubiquitin-binding factors.
The analysis revealed the structures of the intercon-
verting conformational states of di-ubiquitin and
the rates and amplitudes of this process at near-
physiological and acidic pH. The proposed mecha-
nism of domain reorientation is quite general and
could serve as a paradigm of interdomain mobility in
other multidomain systems. Proteins 2006;63:787–796.
© 2006 Wiley-Liss, Inc.
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INTRODUCTION

Interdomain orientation and flexibility often play a key
role in molecular recognition events and functional regula-
tion in a variety of processes involving multidomain pro-
teins, (e.g., Refs. 1–3). However, despite recent advances in
structure characterization of multidomain systems and
changes in interdomain orientation induced by ligand
binding in solution (e.g., Refs. 4–8), very little is known
about the actual mechanisms of interdomain dynamics in
proteins. In a specific example considered here, Lys48-
linked polyubiquitin (polyUb) chains, the principal signal
for proteasomal protein degradation,9,10 adopt a closed
conformation under physiological conditions, in which the
interdomain interface is formed by the hydrophobic sur-
faces on ubiquitin (Ub) domains comprising residues Leu8,

Ile44, and Val70.11–13 In contrast, no definitive interface
was observed at pH4.511 suggesting that the conformation
of the chain is predominantly open under these conditions.
It has been proposed11 based on pH titration data that the
Ub/Ub interface is not rigidly locked even at physiological
pH and is in dynamic equilibrium between closed and open
conformations. The sequestration of the functionally impor-
tant hydrophobic residues at the interface, therefore, could
regulate ligand binding to polyUb, wherein the Ub/Ub
interface must open in order for these sites to become
available for interactions with various chain-recognition
factors. In support of this model, direct ligand binding to
the interface residues was observed in di-ubiquitin (Ub2)
at pH6.8,11,14,15 whereas restricting the domain motion by
site-directed cross-linking rendered Ub2 binding-incompe-
tent (Fushman, forthcoming). Knowledge of the mecha-
nism of domain motion in polyUb is, therefore, essential
for the understanding of the factors regulating ligand
binding to these chains and could shed light on the
processes controlling molecular recognition events in
polyUb signaling.

NMR relaxation data indicate that, although to a good
approximation the two Ub domains in Lys48-linked Ub2

tumble together as a single molecular entity rather than
as completely independent “beads on a flexible string,”8,11

this molecule still possesses some interdomain motion.
This conclusion follows from the observed discrepancies in
the rotational diffusion tensors of Ub2 “reported” by the
individual Ub domains (Table I). Specifically, there is a
difference, most pronounced at pH 6.8, in the overall
tumbling rates experienced by the two domains (note that
the overall tumbling reported by both domains in Ub2 is
approximately twofold slower than in monomeric Ub).
Moreover, the rotational diffusion tensor measured in the
distal Ub is almost axially symmetric, whereas that for the
proximal Ub shows lesser anisotropy but significantly
greater rhombicity, resembling that for an oblate rather
than a prolate object. This is in contrast with the overall
shape of Ub2 and with hydrodynamic calculations for a
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rigid Ub2 molecule (Table I) predicting an axially symmet-
ric rotational diffusion tensor with higher anisotropy than
that derived from experimental data when neglecting
interdomain mobility. This distinction between the two
domains in the symmetry properties of the “reported”
diffusion tensor of Ub2 is similar for both pH conditions,
thus suggesting that the data reflect some intrinsic dy-
namic properties of the system. It is worth mentioning
that the alignment tensors derived from residual dipolar
couplings (RDCs) measured in Ub2 at pH 6.8 show a
similar difference in the apparent rhombicity between the
two Ub domains.8,11 All these data indicate the presence of
interdomain dynamics and set their time-scale limits: in
order to have an effect on relaxation rates (and hence on
the apparent diffusion tensor), these motions must be
faster than or comparable to the overall tumbling of Ub2.

Here we use 15N relaxation data to characterize interdo-
main dynamics leading to the opening of the interdomain
interface in di-ubiquitin. To quantify the above-mentioned
observations, we considered interdomain dynamics in Ub2

as domain reorientations occurring via interconversion
between distinct conformational states of the molecule.
The analysis reveals domain reorientations on a �10-ns
time scale that open the Ub/Ub interface in Ub2 thus
making the hydrophobic residues available for direct inter-
actions with various chain-recognition factors.

MATERIALS AND METHODS
The Model of Interdomain Motion

The simplest model considered here involves interconver-
sion between two states (ITS) of Ub2 (henceforth called
states A and B) characterized by distinct orientations of
each domain with respect to some global protein coordi-
nate frame P. These orientations are given by two sets of
Euler angles, �A � {�A,�A,�A} and � B � {�B,�B,�B} for

each domain, and the transitions from A to B and back-
wards are characterized by the rate constants kAB and kBA,
respectively. We assume here that the domain structure
and intradomain (backbone) dynamics are the same in
both states (as shown in Ref. 8). The overall tumbling of
Ub2 is considered fully anisotropic, characterized by the
rotational diffusion tensor D.16 For simplicity, we use the
principal axes frame of this tensor as the global protein
coordinate frame P; motion of each domain is then de-
scribed as its reorientation with respect to P.

To include the interdomain dynamics, we considered the
orientation of a given internuclear vector (15NO1H) with
respect to the static magnetic field B� o as a set of subse-
quent rotational transformations (Supplementary Figure):
from the laboratory frame L (aligned with B� o to the
diffusion tensor frame P, then to the coordinate frame D
for each domain (e.g., PDB coordinate frame), then to the
residue-specific frame R associated with the average (over
the time interval longer than the correlation time of the
local motion) orientation of a given NH-vector within each
individual domain, and, finally, to the instant frame I
attached to the NH-vector. The relaxation-relevant correla-
tion function can then be written in the following general
form:
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where Dm,n
�2� are components of the Wigner rotation matrix,

�s are the Euler angles for the corresponding rotations (as

TABLE I. Experimental and Predicted Characteristics of the Overall Rotational
Diffusion Tensor for Lys48-Linked Ub2, Derived Neglecting the Interdomain Motion

Dx
a Dy

a Dz
a 
c

b Anisotropyc Rhombicityd

NMR, pH6.8:
Proximal domaine 1.68 2.06 2.30 8.28 1.23 1.33
Distal domaine 1.73 1.86 2.69 7.96 1.50 0.22

NMR, pH4.5:
Proximal domaine 1.78 2.00 2.15 8.44 1.14 1.27
Distal domaine 1.69 1.77 2.50 8.39 1.45 0.16

Theoryf

1AARf 1.57 1.59 2.44 8.94 1.54 0.04
2BGFf 1.46

(0.04)
1.49

(0.05)
2.39

(0.07)
9.37

(0.27)
1.62

(0.02)
0.06

(0.01)
aPrincipal values, Dx, Dy, Dz, of the overall rotational diffusion tensor, in 107 s	1 (ordered as Dx �Dy �Dz).
bThe overall rotational correlation time of the molecule, 
c � [2 � tr(D

�
)]	1, in 10	9 s.

cAnisotropy of the diffusion tensor, defined as 2Dz/(Dx � Dy).
dRhombicity of the diffusion tensor, defined as 3/2(Dy 	 Dx)/[Dz	1/2(Dx�Dy)].
e“Proximal” and “distal” refer to Ub’s position in the chain with respect to the free C-terminus.
fTheoretical predictions for the diffusion tensor of Ub2 from hydrodynamic calculations using HY-
DRONMR34 program with the shell model atomic element radius of 3.0 A. The Ub2 atom coordinates were
from PDB entries 1AAR12 and 2BGF13 as indicated. In the latter set, the results are averaged over an
ensemble of 10 NMR structures (pH 6.8), the numbers in parentheses indicate standard deviations within
the ensemble. The unstructured in solution four C-terminal residues of the proximal domain were clipped
off in both calculations.
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indicated by the subscripts), and the angular brackets
represent averaging over the corresponding processes of
motion. The interdomain motion affects the second step,
P3D; the corresponding term in C(t) can be cast as:

�Dm,k
�2�*��P3D

0 �Dn,l
�2���P3D

t �� � pA�p�A�A,t�Dm,k
�2�*��A�Dn,l

�2���A�

� p�A�B,t�Dm,k
�2�*��A�Dn,l

�2���B��

� pB�p�B�A,t�Dm,k
�2�*��B�Dn,l

�2���A�

� p�B�B,t�Dm,k
�2�*��B�Dn,l

�2���B�� (2)

Here pA � kBA/(kAB � kBA) and pB � kAB/(kAB � kBA) are
the equilibrium occupation probabilities for states A and
B, respectively; p(A�A,t) � pA � pBe	(t/
ITS) and p(B�B,t) �
pB � pAe	(t/
ITS) are the conditional probabilities to find the
system at time t in the same state (A or B) as at t � 0; and
p(A�B,t) � pB(1	e	(t/
ITS)) and p(B�A,t) � pA(1	e	(t/
ITS))
are the conditional probabilities to find the system in a
different state (B or A) at time t. In these equations, we
introduced characteristic interconversion time 
ITS, which
is the reciprocal of the rate of interconversion K � kAB �
kBA between the two states. (Note a simple relationship
between the rate constants and 
ITS: kAB � (1 	 pA)/
ITS;
kBA � pA/
ITS). The correlation functions describing the
overall (L3P) and “model-free” local backbone (R3I)
dynamics can be found in Woessner16 and Lipari and
Szabo,17 respectively. The angles �D3R specifying the
average orientation of the NH vector in the coordinate
frame of the corresponding domain are assumed time-
independent. A detailed description of the model will be
published elsewhere (Ryabov and Fushman, forthcoming).

Our rationale for choosing the interconversion-between-
two-states model is based on the observation of a well-
defined interdomain interface in Lys48-linked Ub2,11 indi-
cating the existence of a definitive conformation of the
chain, predominantly populated at pH 6.8 and higher. This
is different from the case of calmodulin18–20 where there is
no preferred interdomain orientation, thus “extended mod-
el-free” or “wobbling-in-a-cone” models considering a con-
tinuum of available interdomain conformations were ad-
equate. These models would not be adequate for
interdomain motions in Ub2 because they do not allow
assigning arbitrary, unequal occupation probabilities to
different interdomain orientations. The ITS model of inter-
domain dynamics provides a structurally detailed al-
though still simple description of domain mobility in a
two-domain system.

Equation 1 assumes that the overall tumbling of Ub2,
the domain mobility within the molecule, and local dynam-
ics within each Ub unit are all statistically independent of
each other (hence the separation of the corresponding
correlation functions). While obvious for the local dynam-
ics that usually are fast (1–100 ps) and, therefore, average
out on the time scale (�10 ns) relevant for the overall and
interdomain motions, this assumption is less intuitive
when applied to the latter motions, especially if their
characteristic times are not significantly different from
each other. The overall tumbling is considered decoupled
from the interdomain dynamics, in the sense that there is

no causality between these two modes of motion. (Note
that essentially the same assumption was made when
applying the “extended model-free” model to interdomain
dynamics in calmodulin.18) While clearly an approxima-
tion, this assumption is expected to be accurate, for
example, in the case when spherical-shape domains reori-
ent with respect to each other while preserving the relative
positions of their centers of mass in a molecule: such
motion will not change the overall shape nor the hydrody-
namic properties (diffusion tensor) of the whole molecule.
In fact, the picture of interdomain motions in Ub2 [Fig.1(a–
d)] obtained from the analysis below bears a certain
resemblance to this simple scheme. A more accurate
treatment should include causality relationship (coupling)
between the interdomain and overall dynamics and could,
in principle, be obtained from the corresponding Smolu-
chowski equation. In this regard, the emerging mode-
coupling approaches21–23 are promising, although the ex-
act physical meaning of the resulting picture of protein
dynamics obtained when applying these ideas to particu-
lar proteins24,25 remains to be understood. Interestingly,
however, as shown below, the simple model considered
here is capable of capturing the essential features of
domain dynamics in Ub2.

Note also that the assumption of statistical indepen-
dence of the overall and interdomain motions is a separate
one from the ability to accurately and independently
extract their characteristics from the available experimen-
tal data. As a matter of fact, the interdomain mobility in
Ub2 happens to be in the same time range as the overall
tumbling (see below), which necessarily limits the preci-
sion of the derived rates of interconversion.

It is worth pointing out that the ITS model proposed
here is rather general in the sense that no a priori
assumption is being made about the relationship between
the characteristic time scales of the interconversion and
the overall tumbling. Therefore, this model is capable of
covering a range of situations, from fast (
ITS � 
c) to
intermediate (
ITS � 
c, as in the case of Ub2, see below) to
slow (
ITS � 
c) interconversion and thus allows a continu-
ous adjustment of the interconversion time in order to
properly fit the experimental data.

NMR Data

The NMR data used in this study comprise 15N relax-
ation rates (R1 and R2) and steady-state heteronuclear
1HO15N NOEs, as well as relaxation rate enhancement
caused by site-specific spin-labeling. All these parameters
were measured in both Ub domains in Ub2 at 14.1 Tesla
and 24°C as reported earlier in Fushman et al.8 and
Varadan et al.11 Throughout this report, the Ub unit that
carries the free C-terminus is defined as the “proximal”
domain, while the other Ub domain in Ub2 is called
“distal.” Thus, the two Ub molecules in Ub2 are linked via
an isopeptide bond between the C-terminal Gly76 of the
distal Ub and Lys48 of the proximal Ub. Ub2 chains
15N-labeled at the proximal or distal Ub domain were
assembled from recombinant Ub molecules (unlabeled and
15N-labeled) using segmental isotope labeling strategy.11
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Fig. 2. The quality of fit of the experimental 15N relaxation data at (a,b)
pH 6.8 and (c,d) pH 4.5 using various approaches considered here. The
measured values of � (Eq.3) are shown as circles. The lines represent the
results of fitting, colored as follows. Red corresponds to simultaneous fit of
both Ub domains in Ub2 using the ITS model, i.e., combining anisotropic
overall diffusion with the interconversion between two states; green is for
the simultaneous fit of both domains assuming anisotropic diffusion but
ignoring the interdomain motion; and blue represents the anisotropic
diffusion model applied to each domain separately. The lines show
prediction for all residues in Ub2, while the symbols indicate only those
residues that were included in the fit. The horizontal bars on the top
indicate elements of the secondary structure of Ub (black for �-strands,
blue for the helices). Note the difference in the overall levels of � between
the two Ub domains, which makes it practically impossible to fit well the
data for both domains simultaneously if the interdomain mobility is
ignored.

Fig. 4. Validation of the Ub2 conformations at pH 6.8 using site-
specific spin labeling. Shown are the structures of Ub2 in the states A and
B, superimposed by the distal domains, and the location of the spin label
(red and blue spheres) reconstructed from the measured signal attenua-
tions in both Ub domains. Red sphere corresponds to the analysis taking
into account both Ub2 conformations, while the blue sphere represents
the results for the closed conformation only. Also shown (in red stick) are
the C�–C� atoms of the side chain of Lys48 of the distal Ub; this residue
was mutated to a cysteine in this study that served as a SL attachment
site. The distal domain is colored blue, the proximal is green; “A” and “B”
indicate the positions of the proximal domain in the states A and B,
respectively. The orientation of Ub2 corresponding to state A is similar to
that in Figure 1(a).

Fig. 1. Conformations of the Lys48-linked Ub2 in the states A and B at pH 6.8 (a,b) and pH 4.5 (c,d). Also
shown, for comparison, are (e) the crystal structure12 of Ub2 and (f) the solution structure of the Ub2 complex
with the UBA2 domain of hHR23A.15 The distal domain is colored blue, the proximal is green. Rods represent
the principal axes of the overall diffusion tensor (gray) and the rotation axes (A7B) for each domain (red). The
curved arrows indicate the direction of rotation towards the other state. Only interdomain orientation, not the
distance, is available from the current analysis: the Ub domains in a–d are positioned somewhat arbitrarily with
respect to each other, such as to bring the (flexible) C-terminus of the distal Ub in close proximity to Lys48 of the
proximal Ub and to preserve some resemblance to domain positioning in the crystal structure. The predicted
diffusion tensors for all resulting structures are close to the experimentally observed diffusion tensors
(Supplementary Table I). The location of hydrophobic patch residues (Leu8-Ile44-Val70) is shown in ball-and-stick
(C� atoms, colored blue for the distal and gold for the proximal). The side chain of Lys48 (proximal Ub) is shown in
stick (gold). The occupation probabilities for each Ub2 conformation are indicated. In f, the UBA2 domain is shown
as a backbone ribbon (ivory). These drawings here and in Figure 4 were made in MolMol.36
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The relaxation data were collected at pH 4.5 and 6.8.
Spin-labeling experiments were performed at pH 6.8.
Here, a paramagnetic spin label (SL), (1-oxyl-2,2,5,5-
tetramethyl-3-pyrroline-3-methyl)methanesulfonate, was
covalently attached to a single Cys residue in Ub2 (distal
domain, K48C Ub) and the relaxation rate enhancement
(signal attenuation) caused by the SL was monitored in
both Ub domains. The details of these measurements are
presented elsewhere.8,26

Relaxation Data Analysis

The analysis of 15N relaxation data was focused on the
ratio

� �
R1

2R2 � R1
, (3)

where R1 and R2 are the modified rates of longitudinal
and transverse 15N relaxation, respectively (see, e.g., Ref.
4): R1 � R1[1–1.249|�N/�H|(1 	 NOE)]; R2 � R2 	
1.079��N/�H�R1(1 	 NOE). This modification corresponds
to subtraction of the contributions to relaxation rates from
the high-frequency components of the spectral density.
The quantity � is independent of the site-specific varia-
tions in the 15N chemical shift anisotropy and, for protein
core elements, of the local backbone motion.8

The experimental data for both Ub domains at a given
pH were analyzed simultaneously. In total, 71 amides
included in the analysis at pH 6.8 belong to residues 2–6,
11–17, 21, 28, 32–34, 36, 39–45, 49, 50, 57–59, 61, 64–67,
and 69 in the proximal and 2–4, 13–18, 26–30, 32–36,
40–43, 45, 48–50, 54, 57, 59, 65–69 in the distal Ub. The
91 residues analyzed at pH 4.5 were 2, 3, 5–7, 13–18,
20–22, 26–30, 32, 34–36, 39–44, 50, 52, 54–58, 61–67
(proximal Ub) and 2–5, 13, 14, 16–18, 20–22, 26–36, 39,
40, 42–50, 54, 55, 57–68 (distal Ub). The fitting parame-
ters (17 altogether) included the principal values (Dx, Dy,
Dz) of the diffusion tensor, the characteristic interconver-
sion time 
ITS (�1/K), and the occupation probability for
one of the two states (these five parameters were consid-

ered the same for both domains) and domain-specific sets
of Euler angles �A and �B describing the orientations of
each domain in the two states.

In a control fit, the interdomain mobility was turned off
by setting 1/kBA � 0 (hence pA � 1), which resulted in a
single (static) conformation, hence a single orientation per
domain. Note that this analysis differs from the previous
approach8,11 (Table I) where the overall diffusion tensor of
Ub2 was determined for each domain separately.

The fitting parameters were obtained by minimizing the
target function:

�2 � �
k�1

N ��k
exp � �k

calc

�k
�2

, (4)

where N is the total number of NH vectors included in
the analysis and �k denotes the experimental error in �k

for residue k. The value of �exp is directly derived from
the measured relaxation parameters (Eq.3), while �calc

is calculated by incorporating Eqs.1 and 2 into regular
expressions (see, e.g., Ref. 27) for spin-relaxation rates.
The minimization of �2 was performed using an in-house
program based on a simplex algorithm. Multiple runs
with various starting conditions were performed, to
assure that the solution corresponds to a global mini-
mum. The confidence intervals in the fitting parameters
were estimated using the bootstrap method,28 by apply-
ing the same analysis to computer-generated synthetic
sets of data. Each data set was generated by replacing
37% of randomly chosen data points with the duplicates
of the randomly selected points from the original set of
experimental data. This procedure was performed for
both domains independently and simultaneously, such
that each synthetic data set contained 37% substituted
points for the distal domain and the same percent of
points for the proximal domain. The confidence intervals
obtained from statistical analysis of 200 data sets are
shown in Table II.

TABLE II. Characteristics of the Overall Rotational Diffusion Tensor and Interdomain Mobility for Lys48-Linked Ub2 at
Neutral and Acidic Conditions†

pH Dx
a Dy

a Dz
a 
ITS

b pA
c Domain �A d �A d �A d �B d �B d �B d

6.8 1.53
(0.32)

1.73
(0.06)

2.20
(0.08)

9.3
(4.8)

0.90
(0.06)

Proximal 218
(35)

109
(11)

140
(4)

203
(38)

110
(9)

72
(8)

Distal 91
(28)

58
(7)

321
(19)

156
(33)

96
(38)

356
(33)

4.5 1.61
(0.13)

1.71
(0.06)

2.20
(0.06)

31.9
(9.8)

0.82
(0.06)

Proximal 147
(30)

112
(16)

322
(8)

191
(25)

122
(14)

45
(13)

Distal 213
(24)

80
(8)

350
(12)

151
(29)

51
(20)

328
(23)

†Numbers in the parentheses represent estimated uncertainties in the parameters.
aPrincipal components, Dx, Dy, and Dz, of the overall diffusion tensor, in 107 s	1 (ordered as Dx � Dy � Dz).
bCharacteristic time constant for the interconversion between the two states, 
ITS � 1/K, in 10	9 s.
cOccupation probability for the more populated state (this state is called state A); the occupation probability for state B is pB � 1 	 pA.
dThe Euler angles, in degrees, specifying for the states A and B the orientation of the PDB frame for each Ub domain with respect to the reference
frame of the overall diffusion tensor. Protein atom coordinates were from the solution structure of monomeric Ub (PDB entry 1D3Z, model 1).35

The use of these coordinates for the individual domains in Ub2 has been validated by RDC measurements.8 The original Ub coordinates were
rotated by {90°, 90°, 180°} to avoid having � � 0 or 180° when the angles � and � cannot be accurately separated.
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Analysis of Signal Attenuations Caused by Spin
Labeling

The signal attenuation caused by the spin label was
measured as the ratio, Iox/Ired, of NMR signals in 15NO1H
HSQC spectra recorded with the spin-label in the oxidized
(paramagnetic) and reduced states, as detailed else-
where.8,26 The position of the spin label was reconstructed
from simultaneous analysis of signal attenuations ob-
served in the amide groups from both Ub domains. This
was done by a simplex-based three-dimensional search
that minimized the difference between the experimentally
measured and predicted values of Iox/Ired. For this search,
the Ub2 conformations shown in Figure 1(a,b) were super-
imposed by their distal domains, and for each location of
the SL the signal attenuation was calculated as follows:

Iox/Ired � exp� � t�R2para) , (5)

where t is the total experimental time when the amide
proton magnetization is in the transverse plane and
undergoing paramagnetic relaxation (see, e.g., Ref. 29),
and �R2para � R2ox 	 R2red is the relaxation rate enhance-
ment. The value of �R2para depends on the distance r
between the nucleus under observation and the unpaired
electron of the SL as30:

�R2para �
1

20 �H
2 ge

2�e
2�4
c �

3
c

1 � �H
2 
c

2�� 1
r6� , (6)

where 
c is the rotational correlation time of the molecule,
�H and �H are the 1H gyromagnetic ratio and resonance
frequency, ge is the electronic g-factor, and �e is the Bohr
magneton. Here the angular brackets represent averaging
over the nucleus-SL distances in the states A and B (rA and
rB, respectively):

� 1r6� �
pA

rA
6 �

pB

rB
6 , (7)

which reflects the fact that the interconversion between
the two states occurs on a much faster time scale than
nuclear spin relaxation.

RESULTS AND DISCUSSION
Interdomain Dynamics in Di-Ubiquitin

We applied the ITS model to 15N relaxation data mea-
sured for backbone amides in Ub2 at pH 6.8 and 4.5. In
total, 71 amide groups belonging to the Ub core in both
domains were analyzed for pH 6.8 and 91 for pH 4.5;
residues in the flexible loops/termini and those affected by
conformational exchange broadening were excluded from
the analysis. The derived characteristics of the overall and
interdomain dynamics and the relevant structural param-
eters are presented in Table II. The resulting conforma-
tions of Ub2 are depicted in Figure 1(a–d); the quality of
the fit is shown in Figure 2.

The interconversion between states A and B at a given
pH can be represented as a rotation of each domain about a
certain axis, as indicated in Figure 1. The corresponding
rotation angles are 65° and 87° for the proximal and distal

Ub, respectively, at pH 6.8 and 73° and 79° at pH 4.5.
Notably, the orientation of the rotation axes is similar for
both pH values (Fig. 1): in both domains these axes go
through the linkage region, consistent with its expected
role as a pivot point in the interdomain reorientation.
Interestingly, however, the axes of rotation differ between
the two domains. This likely reflects the inequivalence of
the Ub domains in the way they are linked to each other:
the distal domain is connected via its C-terminus (unstruc-
tured and flexible on the ns time scale), while Lys48, the
linkage site on the proximal Ub, is located in a short
although relatively rigid �-strand.8 These results explain
the apparent asymmetry between the overall diffusion
tensors derived for the two domains when neglecting the
interdomain motion (Table I). Indeed, the rotation axis of
the distal domain is oriented close to the z-axis of the
diffusion tensor (the tilt angle is 38° at pH 6.8, 29° at pH
4.5), hence higher apparent anisotropy of the tensor as the
domain’s rotation adds to the apparent Dz value. For the
proximal domain, on the contrary, the rotation axis is
oriented almost perpendicular (99° at pH 6.8, 90° at pH
4.5) to the z-axis of the diffusion tensor of Ub2. The
domain’s rotation will average Dz with the perpendicular
components (primarily Dy), resulting in smaller apparent
anisotropy and higher rhombicity of the tensor.

There is a good agreement between the principal values
of the diffusion tensor of Ub2 at both pH values (Table II).
Because the predominant Ub2 conformations at the two
pH values are very different [Fig. 1(a,c)], this result
indicates that different orientations of the Ub domains in
Ub2 do not significantly affect the principal values of the
overall diffusion tensor, which a posteriori justifies the
approximation that the interdomain mobility in Ub2 is
decoupled from the overall tumbling. This conclusion is
also supported by the results of hydrodynamic calculations
(see Supplementary Table 1) that give very similar princi-
pal values of the overall diffusion tensor for both Ub2

conformations at each pH [Fig. 1(a–d)].
As expected, the characteristic time of interconversion,


ITS � 9.3�4.8.ns at pH 6.8 is comparable to the overall
tumbling time (
c � 9.2 � 0.7 ns). The interconversion at
pH 4.5 is slightly slower than the overall tumbling (31.9 �
9.8 ns versus 9.1 � 0.3 ns). The large estimated uncer-
tainty in the interconversion rate reflects the fact that it is
close to the rate of the overall tumbling, which prevents
accurate separation of the contributions from these two
motions in the error analysis. This imprecision in the
interconversion rates in Ub2, however, seems to have little
effect on the rest of the fitting parameters (Table II) which
turn out to be in good agreement with other NMR and
structural data (see below).

The back-calculated relaxation parameters are in good
agreement with the experimental data (Fig. 3). Because a
model with more fitting parameters usually provides a
better fit, in order to validate the inclusion of the interdo-
main motion, we compared the residuals of fit obtained
using the ITS model with the results of a global fit of the
same data assuming that Ub2 exists in a single conforma-
tion and there is no domain motion (see Materials and
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Methods). Neglecting the interdomain dynamics signifi-
cantly worsened the fit [Figs. 2 and 3(c,f)], resulting in a
3.2-fold increase in �2 per degree of freedom (from 1.69 to
5.47) at pH 6.8; the corresponding increase in �2 at pH 4.5
was 2-fold. Based on the statistical F-test,28 this indicates
a very low probability (5 � 10	12 for pH 6.8 and 2 � 10	9 for
pH 4.5) that the better fit obtained for the ITS model
occurred by chance. These results thus provide a statisti-
cal validation for the inclusion of the interdomain dynam-
ics. It is also worth noting that the quality of the global fit
using the ITS model was similar or even slightly better
than when analyzing the data for each Ub domain sepa-
rately [Figs. 2, 3(b,e)]; in the latter case, for example, at pH
6.8 the �2 per degree of freedom was 2.76 and 1.16, for the
distal and proximal Ub, respectively.

Agreement With Other NMR Data
Chemical shift perturbation data

The occupation probabilities for the two states, pA � 0.9
and pB � 0.1 for pH 6.8, are in excellent agreement with
the values (pA � 0.85, pB � 0.15 at pH 6.8) estimated
earlier from pH titration data.11 Also the interdomain
orientations obtained here agree well with the chemical
shift perturbation data.11 The closed conformation (state
A) at pH 6.8 [Fig.1(a)], in which the hydrophobic patches
on both Ub domains face each other, is fully consistent
both with the results of chemical shift perturbation map-
ping at these conditions11 and with the key role of these
residues in the formation of the Ub/Ub interface [Fig. 1(e)].
The Ub2 conformations at pH 4.5 [Fig.1(c,d)] are also

consistent with the chemical shift data that indicate the
absence of a direct contact between these residues at acidic
pH.

Validation using paramagnetic spin labeling

To independently validate the Ub2 conformations de-
rived at pH 6.8 [Fig. 1(a,b)], we turned to signal attenua-
tions observed in Ub2 as a result of site-specific spin
labeling of the distal domain. An unpaired electron of the
spin label causes paramagnetic relaxation rate enhance-
ment resulting in broadening of resonances (hence signal
attenuation) for those nuclei that are close in space to the
spin label. The attachment of the SL to Cys48 in the distal
Ub (K48C mutant) resulted in signal attenuations in both
domains, thus verifying the predominantly closed confor-
mation of the chain at pH 6.8. To quantify these observa-
tions, we reconstructed the location of the SL relative to
Ub2 molecule in the three-dimensional space using relax-
ation rate enhancements observed in both Ub domains (see
Materials and Methods). This analysis positioned the
unpaired electron of the SL (Fig. 4) at a distance of 6.2 Å
from C� and 5.6 Å from C� of residue 48 in the distal Ub
(the site of SL attachment), in good agreement with its
expected location (about 5–7 Å from C�). A similar position
of the spin label was obtained when considering only the
closed conformation of Ub2. This can be explained by the
fact that in the open conformation at pH 6.8 (state B) the
proximal domain is positioned far away from the SL (Fig.
4), hence the data are not sensitive enough to the exact
location of this domain in the open state. To explore the

Fig. 3. The agreement between experimental (�exp) and back-calculated (�calc) 15N relaxation data (�, Eq.3)
at (a–c) pH 6.8 and (d–f) pH 4.5 for various approaches considered here. Shown are data for (a, d) global fit
using the ITS model (solid circles), (b, e) data fit for each domain separately using anisotropic diffusion tensor
model (open circles), and (c, f) global fit ignoring interdomain motion (crosses). The Pearson’s correlation
coefficient between �exp and �calc is 0.952 (a), 0.946 (b), 0.84 (c), 0.942 (d), 0.938 (e), and 0.86 (f).
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sensitivity of the data to occupation probabilities of the two
conformations, the position of SL was also calculated
assuming that only the open conformation is populated
(pB � 1). This resulted in an unrealistically long distance
(16.8 Å) from C�, thus confirming that the open conforma-
tion is not the predominant one under these conditions.
Accurate determination of pA from these data, however,
was not possible. For example, assuming equal probabili-
ties for the two states placed the SL at a position shifted by
1.3–1.6 Å from those in Figure 4, yet close enough (5.5 Å) to
C�, which could also be acceptable, as the exact location of
the SL is not well defined due to local mobility. Although
this analysis does not allow accurate validation of the open
conformation of Ub2 and its occupation probability, we
nevertheless can conclude that the Ub2 conformations
obtained at pH 6.8 do not contradict our spin-labeling
data, and, moreover, the closed conformation of Ub2 agrees
well with these data.

pH Dependence of the Ub2 Conformations

As mentioned earlier, NMR data11 indicate the disap-
pearance of a defined Ub/Ub interface as pH is titrated
from 7.5 to 4.5. The Ub/Ub interface is stabilized by a
balance between the hydrophobic interaction of the two
domains and their electrostatic repulsion due to positively
charged side chains surrounding the hydrophobic patches
on both Ub domains. Lowering the pH from 6.8 to 4.5 is
expected to cause the protonation of His68 (pKa � 5.531)
adjacent to the hydrophobic patch on both Ub units. The
accompanying increase in the Coulomb repulsion of the
two domains is perhaps the reason that the closed state
[Fig. 1(a)] becomes energetically unfavorable at low pH.
From the ratio of the occupation probabilities of states A
and B, the difference in their Gibbs free energies is �G �
GA 	 GB � 	5.5 kJ/mol (pH 6.8) and 	3.8 kJ/mol (pH 4.5),
where the lower-energy state (state A) corresponds to the
closed conformation at pH 6.8 [Fig.1(a)] and the open one
at pH4.5, shown in Figure 1(c). In this regard, the picture
of interconverting Ub2 conformations obtained here
[Fig.1(a–d)] is more complex than a simple, seemingly
intuitive model in which the (open and closed) limiting
states would be the same at both pH values and only their
relative population would change with pH. A change in the
nature of the Ub/Ub interaction from hydrophobic attrac-
tion to electrostatic repulsion not only will affect the
occupation probabilities of the two states, but will also
alter the structure of the “closed” conformation, because
the interdomain contact observed at neutral pH [Fig.1(a,e)]
will be energetically unfavorable at a lower pH. It should
be mentioned here that a well-defined interdomain orienta-
tion in the open conformation (state A) at pH 4.5, despite
the apparent lack of specific Ub/Ub interactions, likely
reflects the simplicity of the two-state model used in this
study. Further refinement of the model of interdomain
dynamics, for example, by allowing wobbling-type motions
in the “open” state, might be necessary to improve the
representation of the open conformations.

It is worth noting the similarity between the Ub2

conformations in the state B at both pH [Fig. 1(b,d)]. One

might speculate that these conformations could corre-
spond to some stable intermediate in the Ub2 transition
from the predominantly closed, hydrophobic-interface con-
formation [Fig. 1(a)] at physiological conditions to the
no-interface conformation [Fig. 1(c)] dominant at acidic
pH. Such a transition would be consistent with the direc-
tions of domain rotations. Further studies are necessary to
test this hypothesis.

Interdomain Motions on a Slower Time Scale

A complete picture of interdomain dynamics in Ub2

should include domain motions that are significantly
slower than the overall tumbling. For example, conforma-
tional exchange was detected in several amides located at
the Ub/Ub interface,11 thus indicating the presence of
interdomain motions on a time scale from 50 to 500 �s.8

The fact that the conformational exchange contributions
are absent at pH 4.5, where the Ub/Ub interface is not
formed [Fig. 1(c,d)], suggests that they likely reflect some
interdomain dynamics (perhaps domain “bumping” into
each other) related to the closing/opening of the interface
[Fig. 1(a,b)]. Unfortunately, the actual amplitudes of such
motions cannot be reliably extracted from the measured
conformational exchange.

Interestingly, however, there is a good agreement be-
tween the solution conformations of Ub2 obtained from
rotational diffusion and alignment tensor data (at pH 6.8)
under the assumption that interdomain motions can be
neglected.8,11,13 While the rotational anisotropy and steri-
cally induced alignment are both determined by the shape
of the protein,32,33 they probe domain dynamics in differ-
ent time-windows: ps-ms for residual dipolar couplings
and ps-ns for 15N relaxation measurements. Therefore, if
significant interdomain motions slower than the overall
tumbling (yet fast enough to average the RDCs) were
present, these would affect RDCs but not relaxation rates,
and thus average the alignment tensor differently from
the diffusion tensor. The agreement between the Ub2

conformations derived from these two physically distinct
characteristics is remarkable8,11 and indicates that confor-
mational averaging (due to interdomain dynamics in Ub2)
primarily occurs on the time scale comparable to or faster
than the overall tumbling. This also suggests that domain
motions reflected in the conformational exchange in Ub2

are of relatively small amplitude, such that they do not
significantly affect the RDC data.

Comparison with a Slow-Interconversion Model

As mentioned above (see Materials and Methods), the
ITS model can also describe the situation when the
interconversion is much slower than the overall tumbling,
yet faster than spin-relaxation. In this case, the dynamic
nature of the process of interconversion can be neglected,
and the apparent relaxation rate should be a population
average of the corresponding rates for the two conforma-
tions. The corresponding equations for the spectral densi-
ties can be obtained directly from Eqs.1–2 (and Fourier
transform thereof) by simply setting 
ITS �� 
c. In the
general analysis presented above, the rate of interconver-
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sion was not forced to assume any particular fixed value.
However, because it turned out that 
ITS � 
c at pH 4.5, we
also analyzed the data by forcing the ITS model into the
slow interconversion regime. This was achieved by setting

ITS � 1 s. Using the values from Table II for the rest of the
parameters resulted in a significantly worse agreement
between the experiment and the model (e.g., a 40-fold
increase in �2). However, when the ITS model parameters
(except 
ITS) were allowed to float, the agreement im-
proved dramatically, and at pH 4.5 this model was able to
fit the experimental data almost as well as the full model.
The latter reflects the fact that when reorientational
motion (in this case, interconversion) is slower than the
overall tumbling, its effect on the spin Hamiltonian is
reduced, hence the relaxation data become less sensitive to
the actual time constant characterizing this motion. How-
ever, a detailed analysis of the results of these fits shows
that the fitting procedure redistributed the impact of
interdomain dynamics to other adjustable parameters. For
example, the occupation probabilities obtained from the fit
were almost equal for both Ub2 conformations (pA � 0.60,
pB � 0.40 at pH 6.8 and pA � 0.54, pB � 0.46 at pH 4.5),
which contradicts the experimental data on chemical shift
perturbations11 that indicate a predominantly closed con-
formation at pH 6.8 and a predominantly open one at pH
4.5. Although a simple substitution of interdomain dynam-
ics with a population average cannot properly describe the
experimental data for Ub2, this feature of the ITS model
might turn useful in applications to other multidomain
systems where the interconversion is much slower than
the overall tumbling.

Comparison With the “Extended Model-Free”
Model

As mentioned above, the “extended model-free” ap-
proach (EMFA) is not expected to adequately describe the
interdomain motions in Ub2. In order to verify this conclu-
sion, we analyzed the data using the “extended model-free”
approach, implemented in a similar way as in Baber et
al.18 In the original analysis18 of the relaxation rates, the
order parameters of local motion, assumed to be uniform
throughout each domain, were included in the fit. Because
we analyze the ratio � of relaxation rates (Eq. 3), which is
not sensitive to the order parameters of local backbone
motion, these were set to 1. Note also that our analysis was
not restricted to axially symmetric diffusion tensor. Fit-
ting using EMFA resulted in a 2-fold increase (compared to
the ITS model) in the residuals of fit per degree of freedom
at both pH values and in a worse correlation between the
experimental and back-calculated data (Pearson’s correla-
tion coefficient was 0.89 vs. 0.95 for pH 6.8 and 0.86 vs.
0.94 for pH 4.5 data). Moreover, in contrast to the ITS
model, EMFA produced physically unreasonable values of
the fitting parameters (Supporting Table II). Here the
overall tumbling time of Ub2 was 17 ns (pH 6.8) and 11 ns
(pH 4.5) and the squared order parameters associated with
the interdomain mobility were 0.02 for the distal and 0.3
for the proximal domain at pH 6.8 and 0.2 and 0.56,
respectively, at pH 4.5.

Biological Significance: Agreement With the
Structural Data

As shown above, despite the obvious simplicity of the
proposed ITS model, it proved capable of describing experi-
mental chemical shift perturbations and 15N relaxation
data. Moreover, the resulting interdomain orientation in
the “closed” state [Fig. 1(a)] positions both Ub domains
such that their hydrophobic patches are capable of forming
a hydrophobic interface similar to that seen in the crystal
structure of Ub2 [Fig. 1(e)],12 which likely captured a
snapshot of Ub2 in the closed conformation. Figure 1(a) is
also consistent with the docked structure models of Ub2

obtained based on chemical shift perturbations alone and
in combination with RDC data.13 Note that these latter
structures were obtained independently of the 15N relax-
ation data and neglecting the interdomain motion. The
“closed” Ub2 conformation is also similar to those obtained
by aligning the diffusion tensors or the alignment tensors
derived from the analysis of the two Ub domains sepa-
rately and neglecting domain dynamics.8,11

The “open”, binding-competent state of Ub2 at pH 6.8
[Fig. 1(b)] is weakly populated and, therefore, less well
sampled compared to the “closed” state. Interestingly,
however, the orientation of the two domains in the open
conformation obtained here is similar to that in the
ligand-bound state of Ub2 [Fig. 1(f)].15 The small differ-
ences between Figure 1(b) and (f) could reflect the simplic-
ity of the ITS model but might also be caused by the ligand
binding that could drive Ub2 away from its open conforma-
tion in the unbound state. Ligand-induced changes in the
interdomain orientation are not unexpected, and have
previously been observed by NMR (e.g.,4).

In view of all these factors, the similarity between the
two conformations of Ub2 determined here and those
obtained by structural methods is remarkable and sug-
gests that the simple ITS model is capable of capturing
some essential features of interdomain conformations and
dynamics in di-ubiquitin. A more refined structural pic-
ture of the interconverting states could be obtained by
including additional information, for example, from chemi-
cal shift perturbations and residual dipolar couplings; this
work is currently in progress.

CONCLUSIONS

Our analysis of 15N relaxation data revealed both the
structural and dynamic characteristics of domain motion
in Lys48-linked Ub2 chain. Despite the simplicity of the
applied model of interdomain dynamics, these results are
in good agreement with the chemical shift perturbation
and spin-labeling data and provide the first glimpse at the
domain motions and equilibrium conformations in Ub2 at
near-physiological conditions. Moreover, the closed and
open conformations of Ub2 resemble those observed in Ub2

crystals and in the Ub2/UBA complex, respectively. These
data indicate that the relative orientation of the two
domains in Ub2 fluctuates with an amplitude that could be
sufficient for opening the interface at physiological pH,
thus allowing various chain-recognition factors direct ac-
cess to the functionally important hydrophobic residues in
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ubiquitin. These results provide, for the first time, insights
into the motional processes essential for molecular recogni-
tion events in polyubiquitin signaling. The proposed mecha-
nism of interdomain mobility is quite general and could be
of relevance to other multidomain systems.
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